Mickelson JK, Simpson PJ, Lucchesi BR. Streptokinase improves reperfusion blood flow after coronary occlusion. Int J Cardiol 1989;23;373-384. Streptokinase is an effective thrombolytic agent which, with early restoration of coronary blood flow, has the potential for limiting infarct size. Distinct from thrombolysis, we studied the effects of streptokinase on reperfusion coronary blood flow and infarct size. Open-chest anesthetized canines underwent a 90 minute snare occlusion of the left circumflex coronary artery followed by release and reperfusion through a critical stenosis for 6 hours. The animals were assigned randomly to two groups. Intracoronary streptokinase [group 1 (n = 8): 6000 IU/ kg in 3 ml of saline] or saline [group 2 (n = 8): 3 ml of saline] was infused at 0.05 ml/min for 60 minutes beginning 30 minutes before reperfusion. Coronary blood flow was stable in group 1 during reperfusion, while in group 2 it fell during 6 hours of reperfusion (30 f 4 ml /min to 18 f 2 ml/min, P = 0.05). The ST-segment elevation on the limb lead II electrocardiogram 15 minutes after coronary artery occlusion was similar in both groups (group 1: 3.9 f 0.6 mV, group 2: 2.3 f 0.5 mV), suggesting the extent of myocardial ischemia was also similar in both groups. The infarct sizes were similar when expressed both as a percent of the total left ventricular mass [(IZ/LV) group 1: 17 f 2.5%, group 2: 17.5 f 2.5%] or as a percent of the area at risk of infarction [(IZ/AR) group 1: 39 f 6%, group 2: 39 f 5%]. In both groups, the mass of left ventricle dependent on the blood flow distribution of the left circumflex coronary artery was similar when compared to total left ventricular mass [(AR/LV) group 1: 41 f 3%, group 2: 44 f 4%]. These results demonstrate that streptokinase maintains reperfusion coronary blood flow through a critical stenosis at a rate similar to baseline levels. Despite the fact that coronary blood flow remained stable with streptokinase during reperfusion, infarct size was not limited after 90 minutes of fixed coronary artery occlusion in this canine model of myocardial injury.
intracoronary thrombus formation, frequently at or near a stenotic artherosclerotic lesion [1, 2] . Although the subsequent extent of myocardial necrosis is dependent on collateral blood flow to the ischemic area, it is known that myocardial contractility in the ischemic area is markedly decreased immediately after coronary artery occlusion [3] , whereas irreversible damage progresses over several hours [4] . Attempts to restore coronary blood flow as early as possible are undertaken with the intent of decreasing functional myocardial damage and improving patient survival of coronary blood flow can frequently be accomplished with early administration of thrombolytic agents such as streptokinase or tissue plasminogen activator. After reperfusion, high-grade stenosis may be present at the site of previous thrombosis.
The residual lumen size can change significantly during the first two weeks after successful thrombolytic therapy as ruptured atherosclerotic plaques are remodeled, vasospasm resolves and persistent microthrombi are lysed endogenously. Coronary arteries with residual stenotic cross-sectional areas less than 0.4 mm2 are at high risk for rethrombosis [9] . The clinical problems embodied in rethrombosis include reinfarction with concomitant loss of functional myocardium and the increased risk of sudden death [lo] .
Estimates of residual luminal area are used as an indicator of coronary blood flow in the clinical situation, because direct measurements are not available [ 111. In the present study, coronary blood flow was continuously monitored in an experimental animal model of coronary artery occlusion with reperfusion through a critical stenosis. The extent of myocardial injury was directly measured after 6 hours of reperfusion.
Distinct from its thrombolytic activity, the effect of streptokinase on the pattern of reperfusion coronary blood flow and the extent of myocardial necrosis was determined. The results of this investigation indicate that streptokinase does maintain reperfusion coronary blood at a rate similar to baseline levels. Despite persistently stable coronary blood flow, the extent of myocardial infarction which resulted after a 90 minute coronary artery occlusion and 6 hours of reperfusion was not limited by intracoronary streptokinase administration in this experimental model.
Methods

Occlusion-reperfusion myocardial injury
Male mongrel canines ( Inc., Ring, NC), and critical stenosis. The small intervening coronary branches over the two cm segment were ligated (Fig. 1) . A 26-gauge hypodermic needle tip was formed into a "u" and inserted into tygon tubing (0.03 cm, internal diameter) to be used as the intracoronary infusion cannula.
The critical stenosis was produced by constricting the circumflex coronary artery with O-silk tied around the artery and an 18-gauge blunt needle. The needle was quickly removed, thus leaving a smaller residual arterial lumen. The mean resting coronary blood flow was not affected by the critical stenosis;
however, a 50% decrease in hyperemic blood flow was produced.
Angiographic evaluation of a critical stenosis which limited by 50% the hyperemic response to a 10 set occlusion of the circumflex coronary artery was performed in a representative experimental preparation.
Biplane digital coronary angiograms were obtained in projections that optimized sep- aration of the circumflex stenosis from surrounding vessels. Angiograms were acquired on a digital angiographic computer (DPS-4100C, ADAC Laboratories, Edenvale, CA) interfaced to a standard cineangiographic system (Philips Optimus M200, Eindhoven, The Netherlands). The images were processed and analyzed with a previously described automatic coronary quantitation program [12] .
Continuous recording of blood pressure, left ventricular pressure, left ventricular f dP/dt, limb lead II electrocardiogram, and mean and phasic left circumflex coronary artery blood flow were obtained on a polygraph recorder (Model 7, Grass Instrument Co., Quincy, MA).
Protocol
Thirty minutes after the surgical preparation was completed, the left circumflex coronary artery was occluded proximal to the critical stenosis but distal to the infusion cannula by compression with soft teflon tubing and a snare for 90 minutes. Either intracoronary streptokinase [group 1 (n = 8): 6000 IU/kg in 3 ml of 0.9% saline] or saline [group 2 (n = 8): 3 ml of 0.9% saline] was infused at a rate of 0.05 ml/mm for 60 min, beginning during the last 30 min of occlusion and continuing the first 30 min of reperfusion. Reperfusion was accomplished by slowly loosening the snare over a 30 minute period and then observation was continued for a total of 6 hours. The heart was and instrumented fibrillated electrically and removed quickly for postmortem quantification of infarct size.
Only canines which had electrocardiographic evidence of ischemia (ST-segment elevation) and then survived 6 hours of reperfusion were included in the data analysis. Four canines fibrillated during coronary artery occlusion and only one was successfully resuscitated ( < 3 defibrillation attempts). One canine fibrillated upon reperfusion, during a streptokinase infusion, and it was successfully resuscitated. Four animals were excluded because left circumflex coronary artery blood flow fell outside the range established for the cohort (15-40 ml/mm). Two other animals were excluded because they had a significant fall in mean arterial blood pressure (MAP 5 80 mm Hg) at the time of coronary artery occlusion, prior to randomization into either group, which was probably secondary to dehydration. The number of canines successfully studied in each of the two groups was eight.
Postmortem quantification of infarct size
Myocardial infarct size was quantified using an in vitro dual perfusion method described previously [13] . Cannulas were inserted into the circumflex coronary artery at the site of the stenosis and into the aorta above the coronary ostia. The circumflex bed was perfused with 1.5% triphenyltetrazolium hydrochloride in 20 mM potassium phosphate buffer (pH 7.4, 38" C). The coronary ostia were perfused via the aorta retrogradely with 0.25% Evans blue stain. Both the circumflex region and the remainder of the heart were perfused with their respective stains at a constant pressure of 100 mm Hg for 5 min at 37 o C. The heart was cut into six equal sections, 1.0 cm thick, perpendicular to the apex-base axis. The area of the left ventricle at risk for infarction due to it anatomic dependence on the circumflex coronary artery for blood flow was identified by the lack of Evans blue staining.
The region of infarcted myocardium within the area at risk was demarcated by the lack of staining with triphenyltetrazolium hydrochloride [14, 15] . Transverse ventricular sections were traced onto clear plastic overlays. Planimetry was used to determine the total left ventricular area, the area at risk and the area of infarction. Ventricular sections were trimmed of right ventricular, valvular, and fatty tissue and weighed. Infarct size was expressed as percent of the anatomic area at risk and the total left ventricle. In a previous study. gravimetric analysis agreed closely with determinations of infarct size obtained from planimetry of the overlay tracings U61.
Platelet and coagulation studies
In a second group of male mongrel canines, blood (20 ml) was withdrawn from the internal jugular cannula into a plastic syringe containing 3.2% sodium citrate as the anticoagulant [l : 10 citrate/blood (vol : vol)] at baseline, 15 minutes of reperfusion, and 6 hours of reperfusion after treatment with intracoronary streptokinase (6000 IU/kg over 1 hour). The platelet count was determined with a Haema Count MK-4/HC system. Platelet rich plasma (PRP), the supernate present after centrifuging anticoagulated whole blood at 1000 rpm for 5 minutes (140 x g), was diluted with platelet poor plasma (PPP) to achieve a platelet count of 200,000/mm3. PPP was prepared after the PRP was removed by centrifuging the remaining blood at 12,000 x g for 10 minutes and discarding the bottom cellular layer. Ex vivo platelet aggregation was measured by established spectrophotometric methods using a four channel aggregometer (BioData-PAP-4) by recording the 
Statistical analysis
Data were expressed as mean + SEM. Differences between the two groups were determined by Student's t-test, and were considered significant if P < 0.05. When appropriate in the analysis of measured parameters, differences within and between groups over time were determined by repeated measures analysis of variance using Newman-Keul's multiple range test to detect where differences were located among the subpopulation means. A P value < 0.05 was considered significant.
Results
Group characteristics
Sixteen canines were successfully studied in this occlusion-reperfusion model of myocardial injury [streptokinase (group 1, n = S), saline (group 2, n = 8)]. There was no difference in the weights of canines between the two groups [group 1: 15.0 + 1.4 kg, group 2: 15.0 + 0.9 kg (mean + SEM)], nor in the weights of the hearts (group 1: 135 _t 7 g, group 2: 129 +_ 8 g). There were no significant differences in recorded parameters (heart rate, left ventricular pressure, blood pressure, left circumflex coronary artery blood flow) determined between the groups at the beginning of the experiments.
Critical stenosis quantitative arteriography
The orthogonal image that showed the stenosis optimally was processed both with and without mask subtraction.
After subtraction. the visual percent stenosis determined with calipers was 60% in the proximal left circumflex coronary artery (Fig. 2a) Data are expressed as mean i SEM: CT = control (n = 8): SK = streptokinase (n = 8); MAP = mean arterial pressure (mm Hg): RPR = rate pressure product (mm Hg/min X 100); heart rate = beats/min; occ = occlusion; rep = reperfusion. * No significant difference between groups at the same time point but significant change over time (MAP P = 0.02, RPP P < 0.05).
Control heart rate increased over time and compared to streptokinase at 6 hour rep ( * * P = 0.02).
images underwent gray-scale inversion to produced white-on-black pictures with a four-fold magnification (Fig. 2b) . The final computer output consisted of the arterial image with arterial edges, centerline, and plots of geometric diameter, densitometric relative cross-sectional area, and maximal diameter stenosis (Fig. 2~) . The arterial diameter at the critical stenosis was 1.46 mm. From this information, a 56.5% diameter stenosis and an 81% cross-sectional area stenosis were calculated.
Hemodynamic responses
There was no difference in mean arterial blood pressure recorded between the two groups over the course of the experiment. In both groups, the animals experienced a moderate fall in mean arterial blood pressure 15 min after left circumflex coronary artery occlusion which persisted throughout reperfusion (Table 1 ). The initial decrease in mean arterial pressure was more prominent in group 1 than the change which occurred in group 2, however this difference was not significant. The fall in mean arterial pressure induced by coronary artery occlusion occurred before streptokinase had been infused. After 6 hours of reperfusion, the heart rate of canines in group 2 had increased significantly over time, from 134 k 7 bpm to 156 + 3 bpm (P = 0.02). This final heart rate in group 2 was higher than that observed in group 1 (P = 0.02). Despite these hemodynamic changes, there was no point in time when the rate pressure product was different between groups. However, overtime within groups there was a significant change in the rate pressure product (P -c 0.05).
Circumflex coronary artery blood flow patterns
The baseline circumflex coronary blood flow in groups 1 and 2 were not significantly different (20 k 2 ml/min vs 26 f 3 ml/min, respectively, Table 2 ). During the 6 hour reperfusion period, blood flow in group 1 was stable and did not decrease significantly (24 &-3 ml/min to 16 + 2 ml/min).
In contrast, the coronary blood flow in group 2 slowly decreased over the 6 hour reperfusion period, from 30 k 4 ml/min to 18 + 2 ml/min (P = 0.05). There were no oscillations or spontaneous hyperemias detected in coronary blood flow during the reperfusion period in either group.
Effect of occlusion-reperfusion on myocardial &hernia and infarct size
The ST-segment elevation on the limb lead II electrocardiogram 15 minutes after coronary artery occlusion was similar in both groups (group 1: 3.9 + 0.6 mV, group 2: 2.3 _t 0.5 mV), suggesting the extent of myocardial ischemia was also similar in both groups. During the course of the protocol ST-segment elevation tended to resolve and was replaced by Q waves and T wave inversion in all cases, and this then corresponds with evolution of a transmural myocardial infarction. The areas of the left ventricle at risk for infarction (AR/LV) were similar in the two groups (Fig. 3) , demonstrating that the anatomic dependence on the proximal circumflex artery was similar. The region of infarcted myocardium within the area at risk (IZ/AR) and the total left ventricle (IZ/LV) were similar for the two groups. The weight of the left ventricle (group 1: 85 + 6 g, group 2: 75 _+ 4 g) and of the infarcted mass of tissue were similar in the two groups (group 1: 14 i 3 g, group 2: 13 + 3 Fig. 3 . Myocardial infarct size. Quantitation of infarct size is expressed with respect to infarct zone (IZ) as a percent of the area at risk (AR) and as a percent of the total left ventricle (LV). There was no difference in infarct size between group 1 (streptokinase) and group 2 (saline). nor was there a difference in the area of left ventricle at risk for infarction (AR/LV). g). These infarct sizes were determined after a fixed time of occlusion (90 minutes) and a fixed time of reperfusion (6 hours), and these timing intervals should have been adequate for determining the full extent of myocardial injury. Thus when streptokinase was used as an adjunct during occlusion-reperfusion myocardial injury, infarct size was not limited in this experimental model.
Platelet and coagulation studies
The platelet counts tended to fall over the course of the study but this decrease did not reach a significant level (Table 3 ). The platelet aggregation studies were similar at baseline, 15 minute reperfusion, and 6 hour reperfusion for both agonists (collagen and arachidonic acid). It seems Data are expressed as mean * SEM (n = 13): rep = reperfusion; FSP = fibrinogen split products. * Platelet aggregation reported as % light transmittance or % aggregation. ** P -c 0.001 compared to baseline.
FSP
( pg/ml) 49* 5 153 * 21 * * 214 * 42 * * that the streptokinase had no demonstrable effect on ex vivo platelet reactivity. At the beginning of each experiment, coagulation studies including, fibrinogen levels and fibrin/ogen split products (FSP), were performed.
The fibrinogen level fell slightly after the intracoronary streptokinase infusion and remained at this level after 6 hours of reperfusion (P = NS). The FSP were consistently elevated after initiation of the streptokinase infusion and remained so for the 6 hours duration of the protocol (P < 0.001).
Discussion
The Oscillations and/or the decreased blood flow patterns seen in these two models may represent a spectrum of the same problem: persistent platelet aggregation, intermittent distal no-reflow due to leukocyte plugging, or vasospasm. The histology of experimentally evoked thrombi [24, 31] , as well as those found in coronary arteries at necropsy of patient with acute myocardial infarction, further support an important role for platelets [32] . In this study, streptokinase did not alter ex vivo platelet reactivity; however, no attempt was made to determine if there were platelet aggregates within the ischemic zone. 
